Weber fractions (AI/I) for gated 500-ms tones at 0.3, 0.5, 1, 2, and 3 kHz, and at levels of the standard ranging from absolute threshold to 97 dB SPL, were measured in quiet and in high-pass noise in five listeners with cochlear hearing loss and in three normal-hearing listeners. In regions of hearing loss, the Weber fractions at a given SPL were sometimes normal. When the Weber fractions were normal or near-normal, the addition of high-pass noise elevated the Weber fraction, strongly suggesting the use of spread of excitation to higher frequencies. Inversely, when the Weber fractions were elevated, the addition of high-pass noise produced no additional elevation, suggesting an inability to use spread of excitation. In general, the relative size of the Weber fractions, the effects of high-pass noise, and to a lesser extent, the dependence of the Weber fraction on level, were consistent with expectations based upon the audiometric configuration and the use of excitation spread. There were several notable inconsistencies, however, in which normal Weber fractions were seen at a frequency on the edge of a steep high-frequency loss, and in which elevated Weber fractions were observed in a fiat audiometric configuration. Finally, when compared at the same SL, the Weber fraction was sometimes smaller in cochlear-impaired than in normal hearing listeners. This was true even in high-pass noise, where excitation spread was limited, and may reflect the unusually steep rate versus level functions seen in auditory nerve fibers that innervate regions of pathology. 
INTRODUCTION
There is a fairly substantial literature on the important question of the effects of cochlear hearing loss on intensity discrimination (for a recent review, see Florentine et al., 1993) . A phenomenon of intensity discrimination in normal hearing that complicates interpretation of the early studies and that, surprisingly, has not been adequately recognized in more recent studies, is the "near miss" to Weber's Law (McGill and Goldberg, 1968) . This refers to the fact that for pure tones, and other low-pass stimuli, the Weber fraction (AI/I), decreases at higher intensities of the standard. Adding a high-pass noise whose cutoff is above the frequency of the standard generally eliminates or reduces the near miss and the data are more consistent with Weber's Law, i.e., the Weber fraction becomes independent of the intensity of the standard (Viemeister, 1972; Moore and Raab, 1974; Florentine, 1983 ). The generally accepted interpretation of this set of findings is that Weber's law characterizes the behavior of a single "channel" and that the near miss results from intensity-dependent spread of excitation, primarily to frequency regions higher than that of the standard.
It is relatively straightforward to extend this explanation to intensity discrimination in persons with cochlear hearing loss. If the cochlear damage is moderate, the response to the standard of a channel tuned above the frequency of the standard may be normal. This is seen in both auditory-nerve a)Address correspondence to: Anna C. Schroder, Clinical Psychoacoustics Laboratory, University of Minnesota, 396 UMHC, 516 Delaware St. S.E., Minneapolis, MN 55455. (Liberman and Kiang, 1984) and mechanical measurements (Ruggero and Rich, 1990 ) when damage appears to be restricted to outer hair cells: the low-frequency tails of tuning curves are essentially normal as are rate versus level and input-output functions for these relatively low frequencies. Thus, the "spread" of excitation may be normal, resulting in normal intensity discrimination. If, however, the damage is severe at frequency regions above the frequency of the standard, as is the case with inner hair cell damage, then the response of channels tuned to these regions will be abnormal or nonexistent. Then, intensity discrimination should be impaired, i.e., the Weber fraction should be similar to that shown by normal-hearing listeners under high-pass noise. Thus, depending on the severity and configuration of the loss, persons with cochlear loss should show normal or elevated Weber fractions at a given SPL. If the Weber fraction is near-normal at a given SPL, then it will be below normal at a given sensation level (SL) where, because of the relatively high SPL, the cochlear-impaired ear may utilize the large spread of excitation.
The recent studies of intensity discrimination in listeners with cochlear loss suggest that such listeners may show the near miss (Schlauch and Wier, 1987 able uncertainty about the possible role of spread of excitation and, more generally, about the relationship between intensity discrimination and cochlear hearing loss. The general problem is that in these studies it is not possible to separate the effects of spread of excitation from those involving within-channel intensity resolution. Specifically, an observation that the Weber fraction is near-normal in a region of loss does not imply normal use of spread of excitation: withinchannel resolution in such regions may be better than normal and may, in effect, compensate for an inability to use spread of excitation. Also, the near-miss, while taken to be indicative of spread of excitation, is often hard to determine in regions of loss because of the limited range of levels that can be tested.
A primary aim of the present study is to supplement the existing data on the effects of cochlear hearing loss on intensity discrimination. Comprehensive data, using many test levels and frequencies, are obtained from listeners with flat and high-frequency losses, and from normal-hearing listeners. To assess the possible role of spread of excitation, the effects of high-pass noise in both cochlear loss and normal listeners are examined.
I. METHODS

A. Subjects
Three normal-hearing and five cochlear hearingimpaired listeners served as subjects. Absolute thresholds were measured with a four-interval forced-choice (4IFC) adaptive procedure, with tracking rules similar to those used to obtain just-noticeable differences (jnd's) in intensity. The normal-hearing listeners had thresholds better than 20 dB HL (ANSI, 1989) for frequencies from 0.125 to 8 kHz (Fig. 1,  panel A) . Two of the hearing-impaired listeners had moderate to severe losses across the entire audiometric range (Fig. 1,  panel B) . The remaining three hearing-impaired listeners had steep high-frequency losses (Fig. 1, panel C) . All of the hearing-impaired listeners underwent a battery of audiological tests to rule out conductive and retrocochlear pathologies.
• Listener N1 is the first author. All were experienced listeners, having participated in other types of psychoacoustic experiments, and they were paid for their participation.
B. Stimuli and conditions
Absolute thresholds for 200-ms tone bursts, shown in Fig. 1 , were obtained using a 4IFC procedure. The Weber fractions and absolute thresholds for the main experiment were obtained for 500-ms tone bursts gated with 10-ms cosine-squared rise and fall times. Tones were generated digitally with 14-bit digital-to-analog converters, low-pass filtered, and routed to a TDH-49 earphone via programmable attenuators and a passive mixer. Intensity increments were produced by quadrature analog addition of two equalfrequency sinusoids, the standard tone with intensity (I) and the incremental tone with intensity (AI). Weber fractions for a given frequency were measured for levels of the standard from below absolute threshold to 97 dB SPL. When possible, a complete set of levels was tested within a single session: the order of testing was from low to high. The step size for the standard was 3 dB near absolute threshold and 6 dB at higher levels. In the high-pass noise condition, a 6-dB step size was always used. For some of the hearing-impaired listeners at some frequencies, smaller step sizes were used due to the limited dynamic range of measurement available. The order of testing different frequency conditions was approximately random, but the quiet conditions were generally run before those involving high-pass noise. The high-pass noise had a lower-frequency cutoff that was 1.25 times the test frequency. This cutoff was chosen because data from Greenwood (1983 Greenwood ( , 1993 indicated that the range of 1.3-1.5 times the test frequency is the most effective for eliminating the near miss. The spectrum level of the high-pass noise in its passband was 20 dB less than the level of the standard and the attenuation rate was 135 dB/oct (Kemo VBF/25). The spectrum level of the noise at the test frequency was at least 50 dB below the masker level. The filtered noise was gated with the tones and had identical rise and decay characteristics.
Two of the normal-hearing listeners found the highest levels in the noise to be uncomfortably loud and did not complete those runs. The frequencies of the standard were 0.3, 0.5, 1, 2, and 3 kHz. Due to the severity of the hearing loss, listener H2 was not tested at 3 kHz. Because of time restrictions, listener H3 was tested only in the quiet condition. Except for listener H3, hearing losses for the two ears were symmetrical, and no masking noise was presented to the nontest ear. For listener H3, broadband noise was presented to the nontest ear. It had a spectrum level of -40 dB relative to the level of the standard tone.
In the high-pass noise conditions, the system noise floor was elevated. This affected only the data for the normalhearing listeners at 1, 2, and 3 kHz. In those cases the Weber fractions near absolute threshold were larger than expected due to direct masking by the broadband system noise. The second column of slope values in Table I -0.075 dB/dB, and the Weber fractions at those frequencies were elevated in the high-pass noise. Although listener H3 showed the near miss at 0.3 and 0.5 kHz accompanied by negative slopes, where normal hearing existed, she did have larger Weber fractions than the normal-hearing listeners. Except for H1, the data for test frequencies immediately adjacent to and within the region of loss (H2 at 1 and 2 kHz; H3 at 1, 2, and 3 kHz) show elevated Weber fractions at high levels and, for H2, no effect of the high-pass noise. This indicates, as expected from the hearing loss, that spread of excitation was not involved in intensity discrimination at these frequencies. The data for Hi at 2 and 3 kHz are surprising, however. This listener shows normal Weber fractions in quiet and elevated Weber fractions in high-pass noise suggesting that despite a steep high-frequency loss, there was usable excitation above the test frequency.
The quantitative analysis confirmed the qualitative description above. The exception was for the quiet condition for listener H3 at 0.3 kHz. That slope was not significantly different from zero, although it is negative. The greater variability in that function contributed to the nonsignificant result. The ANOVAs performed on the functions for listeners Hi and H2 showed a significant effect of the noise at all frequencies for listener Hi, and at 0.3 and 0.5 kHz for lis- 5 and 1 kHz, Fig. 2) . A possible explanation is that the noise masked the standard, and performance was therefore detection limited. This appears unlikely. As shown by Lutfi and Patterson (1984) using asymmetric notched noises, the threshold for detection of a 1 kHz tone when the upper and lower cutoffs are at 1.2 and 0.6 kHz, respectively, was from 0 to 10 dB below the spectrum level of the noise and decreased with increases in the level of the noise. The upper cutoff frequency compares with the 1.25 kHz cutoff used here. Since our standard was always 20 dB above the spectrum level of the noise, the standard,was at least 20-30 dB above masked threshold, at least for the listeners with normal hearing. We conclude, consistent with the listener's reports, that performance was not detection limited. Unfortunately, we have no compelling alternative explanation for these unusual findings.
In general, the results obtained in quiet from hearingimpaired listeners agree with those from previous studies. They are also generally consistent with the notion that the configuration of the hearing loss, determines, in a relatively straightforward way, the ability to detect intensity changes and the form of the Weber function. Cochlear hearingimpaired listeners who could take advantage of spread of excitation to higher frequencies showed normal Weber fractions and tended to show the near miss. Those whose audiograms limited the use of excitation at higher frequencies showed elevated Weber fractions at a given SPL and tended to show Weber's law.
The data obtained using high-pass noise further clarify the role of spread of excitation. It is possible that a listener with cochlear impairment might show a "normal" Weber fraction even though, because of the audiometric configuration, information was effectively restricted to a very limited frequency region. The listener might be unusually sensitive to intensity changes in that region. The present data indicate, however, that if the Weber fraction were near-normal at high levels, it was always elevated by the addition of high-pass noise. This strongly suggests that the normal sensitivity in quiet resulted from spread of excitation and not just unusual sensitivity in the restricted region about the frequency of the standard.
The picture is clouded somewhat by certain individual results. The audiometric configurations of listeners F1 and F2 suggest usable spread of excitation for levels above threshold and therefore that the Weber functions should be normal for these levels. This is the case for F2 at all frequencies and for F1 above 1 kHz, but is not true for F1 at the lower three test frequencies: these data show somewhat elevated Weber fractions, a Weber function more consistent with Weber's law, and no effect of high-pass noise. More problematic, however, are the data for HI at 3 kHz (Fig. 4) .
Again, in this condition HI shows normal Weber fractions in quiet and elevated Weber fractions in high-pass noise suggesting that despite a precipitous high-frequency loss, there was usable excitation above the test frequency. A possible explanation is that this listener was able to use the "island" of high frequency hearing at 8 kHz (see Fig. 1 ). This seems unlikely given the 70 dB loss at 8 kHz. With such a loss it is likely that the low frequency tail of the 8 kHz tuning curve would be substantially elevated. A more likely possibility is that this listener may have more-than-normal downward spread of masking. Viemeister (1972) and Moore and Raab (1974) showed that low-pass noise did have an effect, albeit small, on the masking function. Thus, this listener may have been taking advantage of downward spread of excitation to normal-hearing frequency regions to produce the near miss in quiet. The elevation of the Weber fractions in the highpass noise condition may have been due to the noise also spreading downward in frequency, thus impeding the ability to use the lower frequency channels to perform the intensity discrimination task. Support for this explanation comes from Nelson (1991) who evaluated forward-masked psychophysical tuning curves in normal-hearing and cochlear hearingimpaired listeners. The only difference he found between the two groups was that some of the listeners with significant hearing loss at the test frequency had more downward spread of masking, and presumably more downward spread of excitation, than normal.
B. Comparison at equal SL
Many earlier studies on the effects of cochlear loss on intensity discrimination were motivated by the suggestion that because loudness grows abnormally rapidly in regions of cochlear loss, intensity discrimination should be better than normal ( The steeper rate versus level functions seen in cochlear pathology also suggest the possibility that Weber fractions near detection threshold might be unusually small: a smaller intensity change is necessary to produce a given change in rate. This argument, is reminiscent of the discredited notion that loudness recruitment should yield smaller Weber fractions. However, the relationship, if any, between intensity discrimination and loudness is highly uncertain. Loudness may reflect a global response of the auditory nerve and may be determined, for example, by simply the total number of spikes. Intensity discrimination, however, may reflect changes in the firing rate of a few fibers and may be limited by the variability in the response of those fibers.
We have already seen that at low SLs, the Weber frac- Generally, the results of this comparison are consistent with expectations based upon steeper rate versus level functions in regions of cochlear loss. There are, however, several aspects that prevent strong conclusions from this comparison. We cannot be sure that the high-pass noise restricts information to a region comparable to that for normals at low SLs. Thus, the smaller Weber fractions may reflect incomplete elimination of the near miss. Also, based upon the physiological data, the Weber fractions might be expected to be much smaller than those from normals. For levels below 20 dB SL, the average Weber fraction for normals is -1.5 dB, that for the cochlear-impaired listeners in regions of loss is -3.8 dB. The corresponding level differences (10 log[1 +AI/I]) are 2.3 dB, and 1.5 dB, respectively. Under the simplest assumptions, a 2.3 dB increase for the normals should produce the same change in rate that a 1.5 dB change produces in the cochlear-impaired listeners. For this to be true, the ratio of the slopes of the rate versus level functions would be 2.3/1.5=1.5, a value considerably less than the ratio of approximately 5 indicated by the auditory nerve data (Harrison, 1981) . Finally, the fact that the rate versus level functions are steeper in regions of pathology does not, in itself, imply that the Weber fractions should be smaller. In particular, the variability in rate, or spike count, may also increase. Unfortunately, the available data do not permit assessment of this possibility.
IV. SUMMARY
(i) In regions of cochlear hearing loss, the Weber fraction may be normal. When the Weber fraction is normal or near-normal at mid to high intensities, it is elevated by the addition of high-pass noise, strongly suggesting the use of spread of excitation to higher frequencies. Inversely, when the Weber fractions are elevated, high-pass noise generally produces no further elevation, suggesting an inability to use spread of excitation.
(ii) In regions of loss, the Weber fractions may be within the normal range, but the near miss may not be evident in the Weber function (e.g., F2 at 2 kHz, Fig. 3 ). This suggests, in contrast to the effects of high-pass noise, an inability to use spread of excitation. However, this inconsistency may be only a technical problem. It appears to result from the uncer-tainty about the form of the Weber function resulting from variability in the Weber function and the limited range of levels that can be tested.
(iii) To a first approximation, the audiometric configuration determines the usability of excitation spread and whether the Weber fractions will be elevated or normal.
There are significant exceptions, however, indicating that quantitative prediction of the effects of hearing loss will require more than a simple extension of existing models. This •The normal-hearing listeners ranged in age from 23 to 34 years. F1 was 28 years old with congenital hearing loss due to Alport's Syndrome. F2 was 37 with congenital, most likely hereditary, hearing loss. H1 was 66 with a history of noise exposure. H2 was 33 with hearing loss due to ototoxicity. 4The data from the normal-hearing listeners were collected at specific absolute levels, in dB SPL. To convert these data to dB SL, the levels of the standard for each listener were normalized to their individual thresholds.
The levels of the standard, one from each of the three listeners, that formed the smallest range of levels were grouped together. The mean of the three corresponding Weber fractions were calculated and then plotted at the mean of the three levels of the standard in dB SL. Only the conditions at which all three listeners had data within a small range of the standard, and which were not affected by the noise floor, were used in the mean. The resulting "bin" widths were 0.8, 1.9, 3.1, 3.6, and 0.9 dB at 0.3, 0.5, 1, 2, and 3 kHz, respectively. The "binning" process did produce a reasonable summary of the individual data in dB SL. 5The quiet condition, rather than the high-pass-noise condition was chosen for the normals because of the elevated noise floor in the high-pass condition. At low SLs in normals, the excitation is quite restricted and, as other data indicate (e.g., Viemeister, 1972) , the high-pass noise would not affect the Weber fraction. The use of the quiet condition for comparison, while not ideal, is conservative and not inappropriate.
